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β-Ga2O3 is an ultra-wide bandgap semiconductor and is thus expected to be optically transparent to light
of sub-bandgap wavelengths well into the ultraviolet. Contrary to this expectation, it is found here that
free electrons in n-doped β-Ga2O3 absorb light from the IR to the UV wavelength range via intra- and
inter-conduction band optical transitions. Intra-conduction band absorption occurs via an indirect optical
phonon mediated process with a 1/ω3 dependence in the visible to near-IR wavelength range. This fre-
quency dependence markedly differs from the 1/ω2 dependence predicted by the Drude model of free-carrier
absorption. The inter-conduction band absorption between the lowest conduction band and a higher con-
duction band occurs via a direct optical process at λ ∼ 351 nm (3.53 eV). Steady state and ultrafast optical
spectroscopy measurements unambiguously identify both these absorption processes and enable quantitative
measurements of the inter-conduction band energy, and the frequency dependence of absorption. Whereas
the intra-conduction band absorption does not depend on light polarization, inter-conduction band absorp-
tion is found to be strongly polarization dependent. The experimental observations, in excellent agreement
with recent theoretical predictions for β-Ga2O3, provide important limits of sub-bandgap transparency for
optoelectronics in the deep-UV to visible wavelength range, and are also of importance for high electric field
transport effects in this emerging semiconductor.
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sub-bandgap absorption, inter-conduction-band absorption, intra-band absorption, Gallium Oxide.
The ultra wide-bandgap semiconductor β−Ga2O3 is
expected to be transparent to light in the IR to UV
wavelength range because of its large 4.4-4.9 eV en-
ergy bandgap1–4. This transparency, combined with
the ability to grow large area single-crystal β-Ga2O3
substrates5–7, makes β-Ga2O3 a promising material for
solar-blind deep-UV photodetectors and photovoltaic
cells8–11. Free-electrons in the conduction band are
needed to maintain the required conductivity in such op-
toelectronic devices. However, free-electrons also enable
optical absorption at photon energies below the bandgap,
limiting the material’s transparency.
Sub-bandgap light absorption by free carriers in β-
Ga2O3 can occur by two distinct transition processes.
First, electrons in the lowest conduction band can absorb
a photon, and undergo a direct transition to a higher
conduction band (inter-conduction band absorption).
Such optical transitions have been reported previously in
narrow-bandgap group III-V semiconductors12,13. Sec-
ond, electrons in the lowest conduction band can also
absorb a photon and transition to higher energy states
within the same conduction band (intra-conduction
band absorption). These latter transitions require a
a)Electronic mail: as2995@cornell.edu
momentum conserving process, such as phonon emis-
sion/absorption by the electron or electron-ionized impu-
rity scattering14–18. In addition to its relevance to opto-
electronic devices that rely on the optical transparency
of this material, understanding the mechanisms of di-
rect and indirect optical absorption by electrons in the
conduction band of β-Ga2O3 has direct implications on
high electron energy transport phenomena, such as im-
pact ionization and high-electric field breakdown volt-
ages, for which this ultra wide-bandgap semiconductor is
considered most attractive.
Peelaers et al. recently calculated the optical ab-
sorption cross-sections of free electrons from the first-
principle electronic bandstructure of β−Ga2O3, and pre-
dicted unique features of both intra- and inter-conduction
band transitions19,20. In this paper, we report results
from steady state and ultrafast optical transmission spec-
troscopy of doped bulk β-Ga2O3 substrates, with di-
rect evidence of the predicted intra- and inter-conduction
band absorption processes. At the Γ−point, the lowest
conduction band of β-Ga2O3 has Ga:4s symmetry and
the next lower conduction band has Ga:4p symmetry21.
Inter-conduction band optical absorption between these
two bands is therefore possible (see Figure 1). We ob-
serve a strong absorption peak near ∼ 351 nm (3.53 eV)
in doped β-Ga2O3 samples, which is absent in undoped
or lightly doped samples. This is consistent with the
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2FIG. 1. Schematic of inter- and intra-conduction band ab-
sorption of light by conduction band electrons in β-Ga2O3.
predicted inter-conduction band absorption20. This ab-
sorption feature is found to depend on the polarization
of light, and becomes negligibly small for light polarized
along the crystal b-axis ([010]).
Additionally, we observe that the strength of the opti-
cal absorption in the entire visible to IR wavelength range
varies with the photon frequency ω, as 1/ω3. This dif-
fers from the typical 1/ω2 dependence explained by the
Drude model for intra-band free-carrier absorption14,17.
Peelaers et al. predicted that indirect longitudinal opti-
cal (LO) phonon mediated intra-band optical transitions
in β-Ga2O3 should follow this unconventional 1/ω
3 de-
pendence in the free carrier absorption coefficient in the
visible to the near-IR wavelength range18,19,22. Our ex-
perimental observations confirm this second prediction as
well.
Optical transmission spectroscopy measurements were
performed on Sn-doped bulk (2¯01) β-Ga2O3 samples,
grown using the edge-defined film-fed growth (EFG)
technique by the Tamura Corporation. The sample had
a free-electron density of n ≈ 7×1018 cm−3, and a thick-
ness of ∼ 300 µm. The optical transmission spectrum
was measured at room temperature using light polarized
along different angles with respect to the crystal axes
of β-Ga2O3. Figure 2 shows the measured optical trans-
missivity as a function of the light wavelength for various
light polarizations. The valence-band to lowest conduc-
tion band absorption edge is polarization dependent, and
is measured to be at ∼260 nm (4.77 eV) and ∼273 nm
(4.54 eV) for light polarized along the [010] and [102]
axes respectively. This is consistent with what has been
observed experimentally and calculated theoretically1,20.
In addition to the standard optical absorption edge, the
transmission spectra in Figure 2 shows two distinct ab-
sorption features below the bandgap.
First, broad wavelength-dependent and polarization-
independent absorption is observed in the entire visi-
ble to near-IR wavelength range. Second, a clear ab-
sorption dip is seen around ∼ 351 nm. The strength
of this absorption was found to be polarization depen-
dent. Measurements performed on undoped samples did
not exhibit either of these absorption features. For ex-
ample, Figure 3 shows the transmission through a 500
µm thick, unintentionally doped, (100) β-Ga2O3 sam-
ple. These results indicate that the two absorption fea-
tures shown in Figure 2 are due to doping. We at-
tribute the broad wavelength-dependent absorption to
intra-conduction band absorption and the absorption dip
near 351 nm to inter-conduction band absorption. We
first discuss the intra-band absorption spectra, and then
the inter-conduction band absorption process.
FIG. 2. Measured optical transmission through a 300 µm
thick, Sn-doped (n ≈ 7 × 1018 cm−3), (2¯01) β-Ga2O3 sam-
ple for different light polarizations at T=300K. The data
shows prominent features related to inter-conduction band
and intra-conduction band optical absorption.
FIG. 3. Measured optical transmission through a 500 µm
thick, unintentionally doped (n < 1017 cm−3), (100) β-Ga2O3
sample is plotted for different light polarizations at T=300
K. The data shows no features related to inter- or intra-
conduction band light absorption.
We model light transmissivity T through the sample
with the simple equation, T = e−αL(1−R)2, where α is
the light absorption coefficient, L is the sample thickness
(∼ 300 µm), and R is the reflectivity at the two facets
of the sample. R is calculated using the Fresnel equation
3assuming normal light incidence at the air - β-Ga2O3 in-
terface. A Cauchy expression was used to approximate
the wavelength dependence of the refractive index of β-
Ga2O3 over a broad wavelength range
23. We then fit the
measured transmission spectra (from Figure 2) using ab-
sorption coefficients with an inverse power law frequency
dependence (i.e. α ∝ ω−n). Figure 4(a) shows the
measured transmission spectrum for light polarized along
the [102] axis, along with fits to the data assuming ω−2
(Drude model) and ω−3 frequency dependence of the ab-
sorption coefficient α. As can be seen from this figure, an
absorption coefficient α ∝ ω−3 fits the measured trans-
mission spectrum well over a broad wavelength range.
The observed frequency dependence of the absorption
coefficient in our experiments confirms the frequency de-
pendence predicted by theoretical calculations19.
Intra-band optical absorption cross-section (calculated
by dividing the absorption coefficient with the free elec-
tron density) extracted from the transmission measure-
ments and calculated using first principles19 are plotted
as a function of wavelength in Figure 4(b). Whereas the
frequency dependence of the measured and calculated ab-
sorption cross-sections agree well, the theoretically cal-
culated cross-section is smaller by a factor of ∼ 3. This
difference could be due to multiple reasons. Small differ-
ences in the curvature of the calculated bands might lead
to an underestimated cross section. Further, the strength
of the theoretically calculated electron-phonon coupling
might be underestimated. Likely, a combination of the
two factors is responsible for the difference.
Despite the difference in the measured and calculated
magnitudes, the agreement in wavelength dependence
confirms that longitudinal optical (LO) phonon emis-
sion is the mechanism behind the momentum conser-
vation in the intra-band light absorption by free elec-
trons in β-Ga2O3, in the visible to near-IR wavelength
range19. This is not unexpected given the large LO
phonon-electron coupling strength in β-Ga2O3
24–27. The
origin of the 1/ω3 (rather than 1/ω2) dependence of the
absorption cross-section can be traced to the fact that
far from the Γ−point in the β-Ga2O3 bandstructure (see
Figure 1), the conduction band Ec(k) becomes nearly
linear in k19,20. Similar to our observations, this 1/ω3
dependence has also been theoretically predicted and ex-
perimentally observed in SnO2, another transparent con-
ducting oxide18,28. Finally, the fact that this intra-band
absorption strength does not depend on light polariza-
tion is expected given the near isotropy of the lowest
conduction band electron states in β-Ga2O3
25,29.
Impurities and defects can affect the measured wave-
length dependence of the optical absorption. This is es-
pecially true for visible to near-IR absorption in wide
bandgap materials. To isolate the optical absorption due
to free carriers, it is thus preferable to measure free car-
rier absorption by modulating the conduction band elec-
tron density, and detecting only the resulting changes in
the sub-bandgap light absorption. To accomplish this we
measured time-resolved transmission through a photoex-
FIG. 4. (a) Measured optical transmission spectrum (solid
line) for 300 µm thick, n-doped, (2¯01) β-Ga2O3, for light
polarized along the [102] axis, is plotted along with the fits
obtained assuming inverse power law frequency dependence
of the absorption coefficient. Transmission calculated assum-
ing α ∝ ω−3 fits the data well over a broad wavelength
range compared to that calculated assuming α ∝ ω−2 (Drude
model). (b) Intra-band light absorption cross-sections (cal-
culated by dividing the absorption coefficient with the free
electron density) extracted from the steady state transmis-
sion measurements and ultrafast transmission measurements,
and also those calculated using first principles19, are plotted
as a function of wavelength.
cited Sn-doped, 450 µm thick, bulk (010) β-Ga2O3 sam-
ple of free electron concentration n ≈ 5×1018 cm−3 using
ultrafast pump-probe spectroscopy. This sample was also
grown using the EFG method by Tamura Corporation.
We used a 405 nm center-wavelength ultrafast optical
pulse as the pump that excited electrons from the va-
lence band to the conduction band via a two-photon ab-
sorption process, as in our previous work30. The center-
wavelength of the synchronized probe pulse, polarized
along the crystal a?-axis (orthogonal to the c- and b-
axes), was varied in the visible to the near-IR wavelength
range.
Figure 5(a) shows the differential probe transmission
(∆T/T ) plotted as a function of the probe delay (w.r.t.
the pump) for different probe wavelengths. ∆T/T is neg-
ative because of optical absorption by photoexcited free
electrons. The measured differential transmission magni-
tudes |∆T/T | for different probe wavelengths, for a fixed
probe delay (∼ 120 ps), are plotted as a function of the
probe photon energy in Figure 5(b). Also plotted are
the best fits for |∆T/T |, assuming absorption coefficients
with frequency dependence given by 1/ω3 and 1/ω2. This
figure shows that calculating |∆T/T | using α ∼ 1/ω3 fits
the data accurately. In addition, as shown in Figure 4(b),
the values of the absorption cross-section extracted from
ultrafast measurements are in excellent agreement with
those obtained using steady state transmission experi-
ments.
We now consider the inter-conduction band absorption
features seen in Figure 2. This absorption is centered at
4FIG. 5. (a) Differential probe pulse transmission (∆T/T )
is plotted as a function of the probe delay (w.r.t. the 450
nm center-wavelength pump pulse) for different probe wave-
lengths. Results shown are for a Sn-doped, 450 µm thick,
bulk (010) β-Ga2O3 sample. The probe is always polarized
along the crystal a*-axis. (b) |∆T/T |) for different probe
wavelengths, for a fixed probe delay (∼ 120 ps), is plotted
as a function of the probe photon energy. Also shown are
the calculated best fit curves of |∆T/T | assuming absorption
coefficients with frequency dependence given by ω−3 and ω−2.
λ ∼ 351 nm (3.53 eV), and is polarization dependent.
The largest absorption is seen for light polarized along
the [102] axis. As shown in Fig. 1 this absorption is due to
transitions occurring between the lowest (partially filled)
conduction band and the next conduction band, whose
energy difference determines the optical absorption wave-
length. The magnitude of the absorption depends on the
dipole transition matrix elements, which are polarization
dependent. According to the first-principles calculation
of the bandstructure20, the inter-conduction band ab-
sorption for light polarized along the [010] axis should
be insignificant, which is in agreement with the experi-
mental observation.
In the steady state transmission, we do observe a weak
absorption dip centered at ∼ 328 nm wavelength for light
polarized along [010] axis. The origin of this absorption
dip is not clear, but since its wavelength does not match
transitions from the lowest conduction band to the next
conduction band, we can exclude inter-conduction band
absorption as the responsible mechanism. As this absorp-
tion dip is not present in undoped samples (see Figure
3), it is possibly related to the presence of dopants, or
complexes between dopants and native defects.
After subtracting the weak absorption dip centered
at ∼ 328 nm, and a relatively small but broad absorp-
tion contribution from intra-band absorption, a Gaussian
lineshape was used to fit the inter-conduction band ab-
sorption dip. Figure 6 shows the spectrum of the inter-
conduction band absorption coefficient extracted using
this method, along with the theoretically calculated spec-
trum from first principles20. The experimental absorp-
tion coefficient value peaks at ∼ 13 cm−1. The agreement
between experiments and theory is remarkable. The dif-
ference in the center wavelength of the absorption, be-
tween measurements and calculations, is less than 8 nm
(80 meV). This is well within the expected accuracy of
the calculations. The difference in the absorption mag-
nitude at the center wavelengths is around 26%, which
is not unexpected given the experimental procedure used
to extract the inter-band absorption component.
FIG. 6. The measured absorption coefficient for inter-
conduction band absorption for light polarized along the [102]
axis is plotted as a function of the wavelength. Also plotted
is the absorption coefficient calculated from first principles20.
The data is shown for a 300 µm thick, Sn-doped (n ≈ 7×1018
cm−3), (2¯01) β-Ga2O3 sample.
In conclusion, we have presented detailed experimen-
tal evidence of intra- and inter-conduction band optical
absorption processes by free electrons in the conduction
band of the ultra-wide bandgap semiconductor β-Ga2O3.
Two unique features of this semiconductor were recently
predicted by theoretical calculations: (1) sub-bandgap
optical transitions in the UV from the bottom of the
conduction band to the next conduction band with ab-
sorption coefficients in the ∼ 10 cm−1 range, and (2) an
intra-conduction band transition that goes as 1/ω3. Both
these optical transitions are experimentally observed to
be qualitatively and quantitatively consistent with the
predictions. Since both the studied absorption mecha-
nisms involve free electrons in the conduction band, a
larger electron density would result in greater light ab-
sorption and reduced transparency in the UV, Visible,
and Near-IR wavelength range. This is thus important
to take into account in the design of optoelectronic de-
vices relying on a high degree of transparency. Further,
electrons in the lowest conduction band states can scat-
ter into the higher conduction band under high electric
fields, and the absorption measurements provide a mea-
sure of the matrix elements for such transitions.
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